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(57) Abstract 

A method and apparatus for producing schedules for a wafer in a multichamber 
semiconductor wafer processing tool comprising the steps of providing a trace 
defining a series of chambers that are visited by a wafer as the wafer is processed by 
the tool; initiatizing a sequence generator with a value of a variable defining initial 
wafer positioning within the tool; generating ail successor variables for die initial 
variable value to produce a scries of values of the variable that represent a partial 
schedule; backtracking through the series of variables to produce further partial 
schedules; and stopping the backtracking when all possible variable combinations 
are produced diat represent all possible valid schedules for the trace. All the possible 
schedules; are analyzed to determine a schedule that produces the highest throughput 
of all the schedules. 
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METB D AKD APPARATUS P R AUTOWATICALLY GEHERATIMG 
SCHSDUIiSS FOR WATE R PROCZSSIHG WITHIN A MOLTICHAMBER 
SSUICOSDUCTOR WATER PROCESSZUG TOOL 

5 ftfirvnPOtTND OF TOE TMVPrNT-^OM 

1. Field of the Invention 

The present invention relates to a multiple chamber 
wafer processing tool and, more particularly, to a method 
and apparatus for automatically generating a schedule (s) for 
10 a semiconductor wafer within a multiple chamber 
semiconductor wafer processing tool. 

2 . Description of the Background Art 
Semiconductor wafers are processed to produce 
15 integrated circuits using a plurality of sequential process 
steps. These steps are performed using a plurality of 
process chambers. An assemblage of process chambers served 
by a wafer transport robot is known as a multiple chamber 
semiconductor wafer processing tool or cluster tool. FIG. 1 
20 depicts, in part, a schenatic diagram of an . illustrative 
cluster tool known as the Endura* System manufactured by 

Applied Materials, Inc, of Santa Clara, California, 

The cluster tool 100 contadns, for example, four 
process chambers 104, 106, 108, 110, a transfer chamber 112. 
25 a preclean chamber 114, a buffer chamber IIS, a wafer 

or ienter/ degas chamber 118, a cooldown chamber 102, and a 
pair of loadlock chambers 120 and 122. Each chamber 
represents a different stage or phase of semiconductor wafer 
processing. The buffer chamber 116 is centrally located 
30 with respect to the loadlock chambers 120 and 122, the wafer 
or ienter /degas chamber 118, the preclean chamber 114 and the 
cooldown chamber 102 . To effectuate wafer transfer amongst 
these chambers, the buffer chamber 116 contains a first 
robotic transfer mechanism 124, The wafers 128 are 
3 5 typically carried from storage to the system in a plastic 
transport cassette 126 that is placed within one of the 
loadlock chambers 120 or 122. "Rie robotic transport 
mechanism 124 transports the wafers 128, one at a time, from 
the cassette 126 to any of the three chambers 118, 102, or 
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114. Typically, a given wafer is first nl. . ■ 

orienter/degas chamber Ua Z I " "^'^^ 

chainber 114. The cooLl . ^^^^^^^ 

until after the wa eTis " -ed 

' ^' 1°^' 110- Individual wafer«; 
upon a wafer transport blade 130 that i. T 

distal end of the first r.Z. ''^'^^ 

cne tirst robotic mechanism 124 rh^ 
transport operation is control!*.^ v. 

Tho ^ . controlled by a sequenber 136 

The transfer chamber li? -lo » , 
10 acce'ss to the four orT . surrounded by and has 

^°ur process chambers 104 106 mo . 
well as the preclean chamber II4 and 1 
mo ^. and the cooldown rH=rTb«> 

.0 errectuate transport of a wafer amongst"'the 
chambers, the transfer chamber 112 contaiZ 
transport mechanism 132 The Jh ^^"^"^^^ 
- ~ blade 134 atLheTtHr::^^^^ 

Che individual wafers t„ „„ . ^ '""^ carrying 

blade 134 of the second ""'^^ 

uie second transport mechanism 135 r-^^,. 
wafer from the preclean chamber 114 ST ' 
to the first stage of prcc^ L 
" vapor deposition .^.^tL^I^t/ 

rrrr- ^--i^-^^^^ 

water can then be moved to a s^r^r,^ . 
processing and so on. """"^ ^^^^^ °f 

25 ch^K°''' - --Plete within the process 

25 chambers, the transport mechanism 132 moves the waf . 
the process chan^. and transports the waLr to th 
chamber 102. The wafer is cooldown 

chaz^er using the fllZ ''^'^ 

Hnff u transport mechanism 124 within ^ho 

buffer chamber H6. Lastlv ^K . . 'Within the 

30 tra. _tte 

More generally, a cluster „ . • «^ -L^^- 

denoted by c c "'^"'^^ =°"tains n Chambers, 

(robots) 112^'an; U6"an;'or " '"^'^ ""^'^^ 
Tho ^ loadlocks 120 and 100 

to be processed is taken from a loadlock. placed ' 

successively into various chairs as each chamber perform 
a DarticulsT- i-i>-«,,« '«uiu.(er pertorms 

parcicuiar process upon the wafer. 
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A wafer's trace is thf t-y^-i^ ^ 

which rh^,mK • . " order in 

wnicn chambers are visited by a wafo^ 

= f^«^ 1 ^. necessarily C 

S « cessin. r ^^^-inguished fro. the terJ 

processing sequence" which is the order of applying 
processes (recipes) to a wafer tf v ^^^^^""^ 

performs th^ « ^ chamber 

performs the same process (parallel chambers) . a given 

processing sequence .ay be satisfied by several dlJL^Lt 

10 ' A wafer which completes its processing sequence and i. 

returned to the loadlock is sain ^« sequence and is 

If the tool needs t seconds to process n. wafers, then 

■■"7 (3) 
IS the tool's throughput measured in the interval (0 tl 

for , " tool's throughput 

for a grven processing se^ence. „o.«ver, one i^r^aTt 
improvement is to use efficient scheduling riut.^ f" \ 
20 given processing sequence. 

The optimization of scheduling involves the choice of 

c^iriTrt:" """" - = - 

chamber into the next (and which wafers should be moved if 
any, prior to that move,. * routine, which schedules ^e 
25 movement of wafers through the cluster tool (based L a 
given^processing se^ence, is referred to as a -scheduling 

The steady-state throughput of a tool under scheduling 
-tine A is denoted >^ s,A,. if n>l then, depen^rnHn? 

scheduling routines that fulfill the processing sequence 
The routine which maximizes the value of throughpufis 
deemed the -optimin.- routine and the attainable 
value Of throughput is toown as the tooLs -capacitr That 

Tgil* °' ^'^'^'^ scheduling'routlnes I 

given processing sequence, then A- is optimum if 

S(A')=max(S(A) |A€A) ^ 
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Clearly, the tool's capacity S(A*) depends on a given 
processing sequence as well as on chamber and robot 
parameters within the processing sequence. The problem of 
finding efficient scheduling routines for a given processing 
5 sequence (especially, finding optimum routines, where 
possible) is of considerable practical importance. 

Presently there is not an automatic method of 
determining the best schedule, given a particular trace 
that provides the highest throughput for that trace 
10 Vitally, a trial and error method is used until a'schedule 
IS determined that provides a sufficient throughput. 

— -«^.x..ic«L cnrougnput may not be the best 
throughput that is possible for a given trace. 

Therefore, a need exists in the art for a method and 
15 apparatus that determines all possible schedules given a 
particular trace and, using a throughput modeling program 
determines the throughput for each of the possible schedules 
and selects a schedule for use within a cluster tool that 
provides the maximum throughput for the given trace 

2 0 ' 

SUMMARY nP Xff^ TxjT^^T^^T 

The disadvantages heretofore associated with the prior 
art are overcome by an invention of a method and apparatus 
for determining all possible schedules that accomplish a 
given trace, applying a throughput model to each of the 
schedules, and determining the schedule or schedules that 
result in the highest throughput. 

More specifically, the invention uses a set of 
deterministic rules to compute the various schedules 
First, a schedule is defined as a series of "letters- that 
form a -word'. Each letter in the word defines a possible 
positioning of wafers within a cluster tool, of course the 
positioning of the wafers within the tool must fulfill the 
trace, i.e., each letter must follow from a predecessor 

3 5 letter in accordance with a particular set of rules that 

define the trace. 

Given a letter (input letter) representing present 
wafer positions, the invention computes all possible 
successor wafer positions, i.e., all possible valid 


25 


30 
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or the .nput letter. The Invention provides individual 
•modules- for successor confutation for serial traces 
parallel traces, and mixe^^ traces . using a backtracking 
s technique to repeatedly confute, from any letter all 
possible successor letters, and then compute all possible 
successor letters of the successor letters, a schedule tree 
xs derived. The schedule tree contains all possible 

10 Ich^!" ' -ery 

10 chedu e can then be modeled to determine the expected 

throughput Of each schedule. By comparing the throughput 
associated with each schedule, an optimal schedule or 
schedules is identified. 

The teachings of the present invention can be readily 
understood by considering the following detailed description 
.n con3unction with the accompanying drawings, in which 
,0 V, J^^' ^ '^^^"''"^ ^ schematic diagram of a multiple 

Chancer semiconductor wafer processing tool being controlled 
by a sequencer that operates using scheduling routines ' 
generated by a schedule generator in accordance with the 
present invention; 

25 cerf ' ^^ock diagram of schedule generator that 

2 5 performs operative steps in accordance with the present 

invention; 

Fig. 3 depicts a flow diagram of a 4-chamber serial 


35 


trace; 


Fig. 4 depicts a flow diagram of a 4-chamber mixed 
3 0 trace ; 

Fig. 5 depicts a flow diagram of a schedule 
optimization routine of the present invention; 


Fig. 6 depicts a tree diagram representing all possible 
schedules for a 2 -chamber serial trace; 

FIG. 6A depicts a schematic diagram of a 2-chamber 
serial trace of pig. 6 showing a wafer in position (1 O) • 

Fxg. 7 depicts a tree diagram representing all possible 
schedules for a 3 -chamber serial trace; 
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FIG. 7A depicts a schematic diagram of a 3 -chamber 
serial trace of T?rn t u • cnamner 

fig. 8 depicts a tree diagram representing i, 
schedules for a trace, LL-c.-.q.c.r ' """^"'^ 

5 PIG. 8A depicts a schemtic diagram of a 3-chamber 

mixed trace of pig !!.>,_■ cnamuer 
Pio , / ' " "^'^'^ Po^i""" (1.1.0). 

Pir To r""^' ''■^ '^"^ 

^^3- " ■aeprcts a flow diagram of a routine for 
10 producing all possible schedules for a given tic ■ 
backtracking technique. " 

TO facilitate understanding, identical reference 
numerals have been used, where possible, to des^Z " 
Identical elements that are co„«n to the figur^ 

DETtTI.Pn pB<!n;TPTjn,,, 

A. Overview of the Invention 

AS discussed above, pig. i depicts, in part, a 
schematic diagram of a conventional multiple chamber 
20 semiconductor wafer processing tool. The deBicI!^^, . 
-1 100 is controlled b. a se,,encer that 2 ^^IhT^' 
schedu ing routines determined b. the present inv tL. 
-he present invention is «^odied in a schedule generator 50 

FK. 2 depicts a block diagram of the schedulinc 
^nerator 50 that produces ithe scheduling routm: ^ecuted 
^ tne se^encer to control the cluster tool loo of pig T 
Additionally, the schedule generator 50 operates to 
30 determine an, optimal se^encing routine for a given 

processing se^ence and tool configuration. Although the 
schedule generator is shown to remotely produce sch L 

skilled m the art win understand that the invention could 
>5 be practiced on a processor within the sequence^ 

as weuV'"''"'' T""" '° ^ microprocessor 200 

wen as memory 202 for storing a schedule generation 
routine 210. a schedule optimisation routine 212 and 
scheduling routine, s, generated by routines 210 and 2l7 
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The oucrcprocessor 200 cooperates with conventional support 

" cnat assist m exern^^r^r* 
the software routines. As such it s ? executing 

contemplated that 

S so.e Of the process steps aiscussed herein Tsoftlr 
processes be i^le^ented within hardware, e g " 
circuitry that cooperates with hk« • -S-.as 
various process stT. \ ""^"oP-^ocessor to perform 

contains^npu::o:: ^ci "iStftLTr"' " 

" -.«en conventional .nput.uSu:" rd ^ ^ tcT^ 
^^eyboard, «use, and display as well as an inter acrL 
the se<^e„cer. Although the schedule generator 50 " 
depicted as a general purpose conputer that . 
determine scheduling routines inl Ldl^ : th^IT" " 

- invention, the invention can be i^le„,e„,: Lta "T^ 
an application specific intergrated circuit ,AS1C, Z 
sue ^ the process steps described herein are inte ded o be 
broadly interpreted as being e^ivalently performed by 
software, hardware, or a co^ination thereof 

The automatic schedule generator 50 of ihe present 
invention executes a schedule generation routine no tit 
generates all possible schedules for a given trie T 
schedule optimization routine 212 facilitates an automated 
process Of producing an optimum schedule for a given"" L 

disclo!^le '""'""-^ 

chamberL^tt:":::: tzr"i' ^"^"-^ ^'---^ - 

30 have chambers c C c J r ""^ 
one or more L^'ts " " " ' " « 

appliedT'" " "'"^ «e 

applied to a given wafer. Por exa^le, P. is the name of the 

n-th process (e.g., etch) and, P„ p » , 

' (Which also may be 

35 written as P,-.P.-,P,| is a process sequence. 

-Processing capability- of a cluster tool is the result 
Of mapping a required process sequence onto the set of 
Chambers within the tool. The image of this mapping is 
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called a "trace" p«*- n 

^ace . For example, a process sequence p 

may be mapped onto four chambers C c c .nH n ' ' ' 
,g ^1' Cj, Cj and c, to yield a 


may 
trace 


NO. that processes P. 

" whUe process is ^ppea into c.vc. 

process is performed in both c, <md c ) Ch^ . 
C. are said to be parallel becausl a „at .^^I'lr . 
10 into) either c. or C, (but not bn^H, .1 ^'"'^"'^ 

, . oLaer words, the 

sx^n V .n C.VC. represents an exclusive OR function. 
•Stage- is a set of one or more chambers which 
rrespond to the sa^ process. Wafers visit elcti, one 
hamher fro. a given stage. «.e notation ,CvC,vc, means 
hat wafers can ^e to either chambers c, or C, or c., but 
onlv rnto one of the chafers, .hat is, ,c.vc,;, ij a stage 
comprised of three -parallel- chambers 

Generally speaking, the ten, -schedule- means a fi„> 
and repeatable sequence of wafer and rohn^ 
20 the cluster tool More foZn T through 

More formally, let s be the set nf »ii 
possible wafer and robot states i =^ • 7 
(lett»r=i f ^''"''S °' symbols 

(letters) from a finite set of states s is referred to . 
word. Symbols are represented a, to as a 

e „ ^presented as letters from the alphabet 

- or example, if S = {0,1,., then ,„,0) , ,0, 1, , ,i, o, , 
(1,1) are all possible letters in alphabet S and 

" ^ "etters over 

-ool p '"^ instantaneous state of the 

-o . Por example, as is discussed in detail below a 
le ter may define the particular positioning of a waf r or 

"rC ^ T " ' - - 

schedule c L ^1^'. a 

scnedule S is represented as a word. 


35 


= xyz. , .uv. . .rtx. 


10 
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Which starts and ends with the same letter ,e.g. x) thi, 
IS the only repeated letter, and a successor v of a .iv^ 
letter u must satisfy alphabet dependent rules, : ' Ze. 

Which define a valid trace 

' . ^r:nT:ZZ^^^.''"--' confl^ratlons, 
-e,. a trace Is a still' ::a:: ^Hartrh::"^ 
exac ly one chamber and a trace Is a .«ed trace if I Is 

neither serial nor parallel, (clearlv tr. ■ 

' ^t. ^ I'.iearly, to have a mixed 

trace, the number of chambers In the trace Is at least 
three.) a trace is said to be knotted If there i= » ^ w 
Whose name appears ..re than once in the tr« ,tL 
corresponding process se^ence contains a proceL^ op 

15 I r r T- ' ' -'■-""lly depict 4-st.g 
1= serial and mixed traces, respectively. 

Fig. 5 depicts a high level flow diagram of the 

schedule optimisation routine 212. The optimization routine 

contains a schedule generation routine 210 that produces a" 

.0 o:::n?2:r"'^= ^^^^^ ^-^-^^ ^^-^ ^^-^ 

a) Input a trace L (step 500), 

b) Produce all possible schedules over L (routine 210) 
using a two step. process, where the first step 
(Step 508) generates all possible successor 
positions (letters, to which a wafer can be moved 
from a present position (letter, and the second 
step (step 510, uses a backtracking technique to 
change wafer positions such that other successor 
positions (letters, can be computed by step 508 

c, Evaluate each of the schedules in (b, with respect 
to throughput (for a given set of robot and process 
parameters) (step 504) , 
d) Record a schedule or a set of schedules which have 
Che highest throughput for the given trace L (step 


35 

506, 


Since step (c, requires a throughput simulation program for 
computational efficiency, steps (a) , (b, and (d, are 
generally incorporated into the simulation program 
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A plurality of embodiments of the present in 
discussea ^:o„ in Sections B, c, o ^aT LT""™ 

a {0,1} alphabet, rules for genera^^n,. 

generating successors of a given 

3 letter, and modules noa/^^^ « 

,iven in Section , ^1/^'"': 
-xea and parallel tjc s L se"" ' 
- e^tenaea to ^.^.^l^J^^- ~ 
confutations. Lastly, a generalized backtracking • 
" for generating all possible scheduleslr^T ^ 
applicable to any trace with „ ! ,. °" \ '"^ 
presented in Section E. 


B 

15 


Schedule Generation for Serial Traces 

in fig'' 37'^^. ---1 ^-ce (as illustratively depicted 
in FIG. 3), comprised of chambers c C r • 

with r, K 1 . ' ' associated 

w.th an n-tuple fro. the alphabet (0,1}". If J is ,,eh a 

tuple, then, for i=i 7 "r^ ^ . 

, . 'I'J=°' if chamber C, is empty, 

and a:[.]=l, if contains a wafer m i 


S= X...UV...X. 


which starts and ends with the «5sm^ 

" ::;r — - s.Titr 

ny two consecutive n-tuples u and "v in the string, J being 
accessor of „, differ in at .st two coordinates and I 
related .n accoraance with the following rules • 
=.) If "[l)=0, then PoraUk>l. .Z^. „his 

corresponds to a wafer being ^ved fro. the loaaiock 

s.) I£=tn,.l, then Jl„H. For all k<n, .^^^ 
corresponds to a wafer being .ved fro. c. into the 
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S3) If. for some kg{0,n}, « [lc]=l and ^[k.l3=0, then v[k]=0 
and For alii, {k. k.l}, ,,^^3 

corresponds to a wafer being moved from C, into C,, ) 

5 FIG. 6 illustrates all possible schedules available (i e 
two schedules) in a 2-chamber serial trace, pic. 6a depi;ts 
a schematic diagram of the 2-cha^ber serial trace of fig 6 
having a wafer in position represented by the 2-tuple (I'o) 
These n-tuples are referred to herein as the coordinates ' o ' 

10 wafer positioning. From position (l.o,. the schedule of 
FIG. 6 dictates that the wafer is next moved to a position 
represented by the 2-tuple (0,1), i.e., a wafer is now in 
Chamber C. and no wafer is in chamber C,. Thereafter, the 
schedule may follow one of two paths, either the wafer in C 

15 IS moved to the loadlock (a wafer positioning that is 

72^^T °^ - —d into 

chamber C, (a wafer positioning that is represented by 
2-tuple (1,1),. each 2-tuple represents a set of 

possible positions for a wafer or wafers that validly 
20 fulfill a step in the trace. 

Similarly, FIG. 7, illustrates the seven possible' 
schedules available in a 3 -chamber serial trace and FIG 7A 
depicts a schematic diagram of the trace of FIG. 7 having a 

wafer positioningrepresentedby the. 3-tuple (0,1,0). From 

2 5 Fig. 7, the strings 

Sp=(l,l,l) (1,1,0), (1,0,1) (0.1,1,) (1.1,1, 

s„ =(1,0,0) (0,1, oi (0,0,1) (0,0,0) (1,0.0) 

Sx=(l<0,l)(0,l.l,(0.1.0)(l.l,0)(l,0,l) 

3 0 by the schedule generator for a three chamber serial trace 

such schedules may contain a set of robot and chamber" 
parameters that yield higher or lower throughput than other 
schedules in the set of all schedules. As such, the only 
way to determine an optimum schedule is to examine the 
35 throughput under all possible schedules and, using the 
optimization routine, determine which of the schedules is 
optimal. 
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As mentioned above, thp 9** 
For exa-pu. strings s„ s.. and s are 111 " ° 

IS built according to rules (s ) > . ' 
in accordance „Uh eHese l' a 1 'ierr^ll r""-""^^' 

W(l)W(2)...w(n) such that W(1)W(2) w(n i, • 

schedule. ^wu) ...W(n-l) IS a partial 

w- u, 1, 1) (1, 1 0) (1 0 iwn i\ • 

W(l,-„ , 1, "l'».l> (0,1.1) IS a partial schedule, where 

W(l)-(1,1,1, a„d„,4)M0,l,l). .(Generally, if ; - 

15 then W|i)=ij). ' " "-"i"!--.!*,. 


Prom the definition of a schedule, if J J n . 
partial schedule, thenS.S,... is also 'a I'Jhlr 

<Part.al or full, provided is obtained fro. ^ Record- 
^° -1- <s.),(s.,, and ,s.,. A given letter'-ri' T 

20 anywhere from 1 to [n/21» 1 suj - ' " ' 

^"-^ 1/3/^]+ 1 successors u 

successors (variable ^ below, is el ii;!, °' 
following function: determined by the 

25 SerCount(«,: letter, : integer; 

i, nmb: integer ; 
begin 


30 


35 


njab:=0 
for i^=i to 13-1 _ 

if and mJ/ + 1]=o 

then mnb:=njn2>fi; 

• f^==««^".W MU+uJl], (mod 2,, 
return (nmb, 
end; 


where SerCount(^J represents the nu^. of successors of ' 
m a serial n-chani)er trace sinr<» • "^cessors of 

search Since, m an exhaustive 

ztco": dteZr r 

«0 ^.at must he co^uted to =oXreL:l:~r-= 
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_ Generating all SerCount(«) successors of a given letter 
« is not particularly difficult. As each successor of « is 
generated, it is stored in a binary matrix 2 that has 
SerCount(«) rows and (n.l, colunu^s. The last colun. of Z is 
5 reserved for a Boolean variable that is set to true if the 
successor was used in a partial schedule and is set to false 
If the successor was not used. This entry is used later in 
the backtraclcing routine (discussed below with reference to 
FIG. 10) that generates all possible schedules for a given 
10 trace The successors of a given letter are determined by 
the following function. 

function SerGenerator(«:letter): matrix; 

i: integers- 
begin 

if u[\] = 0 then begin 
copy (u , V ) ; 
= 1; 

^° store (v,Z) ; 

end,^ 

if u[n] =_l_then begin 
copy ( a , V ) ; 
v[n] = 0; 

store (v,Z); 
end; 

for_i:=i to n-1 

if «[/]=l and u[/ + l]=o. then begin 

qppy {u._v): 

v[i]=Q: v[/ + l]:=i; 

score { v,2) ; 
end; 

return (2) ; 

end; 


30 


35 


40 


There are two functions which are used repeatedly in 
the above pseudo-code. Function copy (^,v) returns letter 
« that is a replica of letter v. This manner of 
implementing rules (s,). (s,), and (S3), in which the routine 
first copies u into v and i then modifies v. is not 
inefficient because u and v differ in at most two 
coordinates. Function store (v.Z) copies letter v into a 
proper row of matrix Z. Note that in the above module the 
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routine copies a binary n-tuple twice; clearly, i„ 
-Ple^e^tation, the routine copies the successor of S 
(slightly altered n-tuple into rh. „ 

directly. ' l^he proper row of matrix z 

5 using the foregoing pseudo-code and given a letr " ■ 

a serial trarp ^ given a letter // in 

trace, the pseudo-code generates all possible 
uccessor letters o, „" and stores the. in «trix z L 

pseudo-code produces « c^v^^ * ' < cne 
" e..,: letters ,1 , t Z°\T'' I"""- 
^ ciifferent initia It 1 ' ' »^ <=iven 

successors is produced, 7,. eH IT °' 

letters (I 10) (10 , ' produce 

li.l.O). (1,0,1), (1,0,0) and (0,1,01. 

IS C. successor Generation for Mixed and Parallel Traces 

Mnary"„it':uTsu:t:: ^ ^ ^ 

cha^r fro! a L^s'^^ "^T ^"^^ 

«e no wafer transfers with I ZT " " 
- generation routine must "fLnl" ^ 

- P-allel char^rs within a stage. fT 4 de! ' 
illustrative mixed . . . depicts an 

'''^ ■"^^'^ containing four stages with siv 

chairiiers, where chairtjers C and c • , 

pairs c (a) r ,h, s^ial and chajrber 

fQi^o v.jtaj, C, (b) and C (a> r ruv - 

,.. , '"^^ma), Cjib) are parallel 

25 Without loss of generalitv h^- 

, , . ° positions in a binari- n- 

tuple . that corresponds to chairs c,.c, c 

respectively, then positions 1,. |^| .^.^^^^ ^ 

Chambers in stage 1, positions W.,,l,;|.2,...,|i,|.|f,| 
correspond to chambers in staoe 2 

^, ^' =° c- If chamber c. 

-longs to stage then position i in the corresponding 

in tact, i is one of the consecutive |,;| positions in J, 

in this representation, a schedule is a finite strin. 
Of binary n-tuples which starts and ends with the s™,"^"^ 
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binary n- tuple. This is the only repeated let^ ■ 
word. In addition if • ^^"^ "^^e 

aaaicion. If v is a successor of u th^r. - ^ - 
differ in at most two coordinates and the foUo " " 
define the relationship of u and v: " '"'^^ 

^ i 

"1. « fo. so.e i . ^^^^^^ 

**.-.JI*) = -n*J,This corresponas to ^^^^ 
moved from the loadlcck into stage 1 ) 
' =1.]=., then .[,) = „. ,,,,,, 

= 'This corresponas to . wafer being 

»3. " 'o-o^ i . . ^ ^^^^ 

SI;1 = 0, then vl;] = o and v[J].i. 

-{.-,/}, nr].J^r]. ,^3 corresponds to a wafer being 
-ved fro„ stage into the next stage 

J~rhe'i:::to'rfirr-^ - ^ 

•»«iy to define a sequence M„=o and 

1,1 is the si.e .nu^er of chambers, of stage 

Clearly, Mk=n. where n is the number of 

function Mixcount ( u : letter) : integer ; 

30 begin^' ^'^'^e^er; 

nnib:=0 

for i:=i to 

if i<[i] = 0 

,5 ^ then nrab:=anbfi 

for j:=UM]^_^ to W;^ 

if «li] = l 
then nmb: =;3jn2>+l 
for c:=i to k-1 


10 
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for i:=UMj._^ to 
for to 

if "I']=l and u[j]^Q 
5 then mb:=ninb+l- 

return (nmfa) 
end; 

MixCountlM b«c=„ess.rCount(I,. M30 for- 
n-chamber trace, due to k-l L \ * ^^"ll^i 

.he ....e pseuao-col : , Tn ^ll' 
loops (since there is iust I ' t«o 

reduces to: ' Pseudo-code 

function P«Count(I ..letter) : integer; 

i, nmfa: integer ; 
begin 

20 nnib:=0; 

for i:=i to n 

if «(,■] = 0 or u[i]=i 
then nnib:=j3nii>n. 
return Inmb) 
end; 


15 


25 


30 


which always returns nmfa = n Thuc • 

-».r .race, ,i.^ ZlZlT'''' 

A function that generates and stores all su^ 
" in a mixed trace is: ="o««ors of 

faction Mix=enerator,ir:ietter) :.«tri.,. 


35 


40 


45 


integer; 
begin 

for i:=i to jifj 

if "l'j = 0 then begin 
(=opy (U.V); 
vl/]:=l; 

store (i7, 2) 
end; 

for j:=UM)^_^ to M]^ 

if "[-/] = ! then begin 
copy{i7, V) ; 

store ( V, z) 
end; 

for C:=l to ;c-l 
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for i:=l+Mj._^ to Mf. 
for j:=l+M^ to Mf-^j^ 

if ff['] = l and u[j] = o then begin 
copy (u , V) ; 
''(']:=0; v[y]:=l; 

store( V , Z) 
end; 


10 


return (Z); 
end; 


15 


Functions copy {«,i7) and store (v,Z) are the 
xn the corresponding routine for serial trace! " 
this time matrix Z ha. vr- - " ^^^^ 

Again, if M,= L ,t ^"^^^ 

t ana k-n in the above function, then 

MixGenerator ( « ) becomes s4rGenerator ( 5 ) porn 

traces, due to k-i ;,f For pure parallel 

a .iven U„ . >»t .enera.es successors o« 


25 


2 0 ParGenerator ( « : letter) :«atrix; 

i : integer; 
begin 

for i:=l to 23 
begin 

<^opy (w , V) ; 
if Z7[i] = l 
then v[i]:=0 
else v[/]:=l 

store (v/Z) 
end; 

return (Z) 
end; 


30 


Noce the similarity between functions that count 
35 successors ana functions that generate successors l„ fact 
conditions for identifying a successor are ident cal In^ h 

r:oi:-rrde:::t:f - 

FIG. 8 depicts an illustrative schedule tree for a 

40 3 -chamber mixed trace, (e.g., LL-KT -^(c vc 1 -.tt . u 

i^-7v.j-»j^vc^)_^LL) , where the 

successors of a particular letter sr-o ^ ^ 

Mwr - -Letter are determined using the 

MixGenerator{«) pseudo-code. FIG 8A rfor,- . 

^ . tiii. 8A depicts a schematic 
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successor Generation That Includes Robot Position 

~. ----- 

i-nan to an n-chamber serial h>.=. 
5 chambers Ci.c^ r ^"^^ comprised of 

^ 2 C^, the routine must associate a 

(n^l) -tuple from {0,l)nx{o,i „ . . 

then, for i=i 2 n -fi n " ^ ^"^^^ ^ "^"Ple, 

^'^ 4'] = 0, if chamber C- *.„r>H 

Ifil=l if n . ^ and 

If Ci contains a wafer. Thus w 

' before, the firQ^ „ 
coordinates of r are fron, (0,1) The roh„^ 
" -^-cribed by the last coordinate of ^ T """"^ " 
— »^i,Aj;x3;, Where X, and 
X3 is a robot coordinate wi se? 1\TT 

the robot is in a h ^ ^ 

o°t is m a home position at chamber Cv if 7f . 

^^-°^ot is positioned at the loadloc. = 

Let S„ represent the alphabet of the above associaH 
For example, if n=2 thpn c ■ association. 

' . ^ n 2, then S2 IS comprised of twelve 
J -tuples, namely, 

'^■°.»).(i.o,-i,.a,o.2,,.,i,i,.o,,,i,i,.i,,a,i,.2„. 

For an „-cha^r serial trace, |^.| is the n^ber of 
(n+1) -tuples from {O,l}n(fo i 

These in.is ^ , '"^ W = {n + 1)2'. 

inese (n+l) -tuples are referred tr. ^ ^ 
25 alphabet S„ As h.f '° ^^^ters from the 

P t S,. AS before, a word is a finite string of 
letters from S^. Por example, 

30 is an 8-letter word. Note th;,*- . 

-"ers. Por exa^le, l^d^\ T^^-^Vr'^^ — ^ 
schedule. °axy is a word, but not a 

In this representation, a schedule S is a worn , 
33 ^^^^^^ °^ above described (n.l, -tuples, 
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S = XZ "UV "yx ^ 


which starts and ends with the saxne letter and .u- ■ 
only repeated letter Furth.^ 

5 letters « and v" lere T ^ a " -secutive 

(wnere v is a successor of U) ci^ff^^ ■ 
most three coordinates and are related in ^' 
the following rules: accordance with 


10 


15 


20 


25 


30 


a) « Sln-Oand .>tl] = 0, then vlll = , and vl. + l]-l 

a wafer being moved from the loadlock to ) 

b) If SI-.)=I and S1„.,J = „, ^„j^,^^ 
^or an i „n,„.i,, 

wafer being moved from c„ into the loadlock. ) 

=) If for some r«{0,„}, , an^ ^ 

BI»*>) = r, then vl,J = o and v> + i)=,ia„a vl„ + ,J,,+ i 
^or an i .(r.r.l.n.!,, v-[,l = in/]. (This corresponds 
to a wafer being mbved from C, into c„,„ , „here 
neither c„ nor c,^,i, is a ioadlock.) 

a) If i|l) = 0 and «>.IJ = y„here . o, then vl„.,| = o. 
For an i , nn, v(/J=„-I,J, corresponds to a 

robot moving from home position at to a home 
position at a loadloc. in preparation for a wafer 
nravxng from the loadlock into Ci.) 

e) If S('.)=l and = „here > „, then vl„^,l = „. 
For an i * n.l, (This corresponds to a 
robot moving from a home position at to a home 
position at C„ in preparation for a wafer move from 
<^n i^to loadlock.) 

f) If for some r . {o.n}. u[r]=l and i7tr + l] = 0 and 
u[n^\] = j where i ^ r, then v> + l] = ,. p^r all 
"-i^ ni] = ul/]. (This corresponds to a robot moving 
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from a home position at Cj to a home position at 
in preparation for a wafer moving from into c^^^, 
Cq represents the loadlock.) 

5 Note that rules (a), (b) , and (c) above are, in fact rules 
(si),(S2). and (S3), respectively, when the robot is already 
prepositioned to move a wafer, while (d),(e); and (f) 
correspond to prepositioning the robot for moves defined by 
rules (a),{b), and (c) , respectively. 

10 A routine that calculates the number of successors of a 

given letter as well as finds and stores these successors is 
designed in a similar manner as in the previous cases for 
mixed and serial traces (this time by following the steps 
(a) through (f)) . m such a routine, the number of 

15 successors is considerably large because, every time a wafer 
transfer is possible (e.g., u[i] = 0 or = ! or ul.] = I and 
u[i + \] = 0, a robot may have to be prepositioned (e.g., from 
any of the n-1 positions j^O or or To achieve 

routines for determining the number of successors and the 

20 successors themselves that includes robot position, the new 
functions used are modifications of SerCount(u) and 
SerGenerator ( a ) ( or MixCount ( « ) and MixGenerator ( u ) ) . Given 
the foregoing description of SerCount ( iZ ) , SerGenerator ( i7 ) , 
MixCount (ii) and MixGenerator ( u ) , a person skilled in the 

25 art could readily modify these functions to account for 
robot position using the aforementioned rules (a) -(f). 

E. Generating Schedules From A Trace Using a Backtracking 
Technique 

3 0 Backtracking algorithms use special problem- tailored 

techniques to systematically explore implicitly directed 
graphs (usually trees) . Such algorithms are well known in 
the art. In the schedule generation routine, a backtracking 
algorithm is used in conjunction with one or more of the 

3 5 previously discussed successor generation routines (e.g., 
SerGenerator(u) or MixGenerator ( u ) ) to produce every 
possible schedule given a particular trace. 
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Let starting letter of a scheaule. By using 

the rules for adding a successor ' "9 

sections B, c or D Lev "ell " - 
partial schedule, say "j.t ^"^--^--"-s build a 

«1«2 •••«k- There are two 
5 questions to answer every time a new letter u ■ 

narti.i - -Letter ^^j^^^ 

partial trace S: 

a) Is i7i52 •••«k«k+l a full schedule?. 

b) If «i«2-- i?k"k.l is a full schedule, are there 
other full schedules which have not been recorded. 

A word .-i.2:..«k.l is recognized as a full schedule if 
xt IS built according to rules for successor letters and if 
here exists an index i<k.l such that ZlZT 
ette ^^^^^ ^^^^^^^^ ^ 

15 full schedule a routine checks whether or not 

"k+l'^^i- i=l,2,...,k, 
for every newly appended letter .^ich is a proper 

successor of uj^. 

once it is found that u.-u^^^ tor some i<„.i, the 
^0 routine either prints or stores the full schedule J, 

TO find other schedules, the routine rloves 
"..1 from the full schedule s and looks at so„e other unused 
successor of xf there is such a successor, say letter 

^'^'^'^ " "1 -'ki is a full schedule, if 
" . .S^-z is not a full schedule, the routine looks at 
unused successors of J and so on. If , 

schedule, the routine removes I and looks at .n„,K 
successor of if th».= "other unused 

"k- " there are no unused successors of ff^ 
the routine goes back (backtrack, and looks at unused 
30 successors of and so on, until the routine returns to 

the starting letter u,. Basically, the routine contains the 
following sequence of steps: 


4. 

10 5. 
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1- (Initialize.) choose the letter u, of a ..H . . 
and go to Step 2. ' °f a schedule 

2- If schedule i7i ff- . jr 

= 3- F.„a a successor leUe. ,of the 1^. better ff, i„ 

the schedule) .*ich was not used a. . ■ 
P^"ial schedule and .o to s^. « th" " '"^ 
"nused successors, go to step 5 ' "° 

'^.r/" ~ -"^"l-. then STOP. K,.. 

6- (Backtrack.) Ren^dve the last letter f u 
conplete schedule and go to Steps 

15 Clearly, the routine must ensure th.t . 
(Store) aupucate schedules "^^ ^ eH 
routxne has printed (stored) all II 
^or^er is accompUshed inl ep L^^'""^^' 
only an unused successor of ^K . ""'^^^ ^^P^^s 

- schedule, .he latte^: 1^:?::;?: ^ — 

' '"^ »« no unused successors! • 

convenient to choose the first 1.^. - ' " 

" "1 so that it has only 
one successor, e.g., j q or ff, - . - 

25 column (row) of an n k • ^' " ""th 

irow) of an n by n identity nacrix. 

for exar^ie, as illustrated in Pig. 9 
letter 0, the routine builds a tree J ' 
« is such a node, the cfilir 

letter I and, for serial traces tw' °* ^ 

30 sercount,.-, of the successors > "^"'^ 
produces 0, Oe, and 0? ' 

is a directed path fro„ node 0 to node , 
-e n^.. .d .3_are successors (Children, of.,, 


3 5 Now 
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onlv^one successor ,,,.^3,. O.-,.-,,.-,.,,, , .^.j^, 

'-^ 0'i!2^2i'l * e-3, and Oe^i.e,,, are all partial 
schedules and so on. 

5 wor. T P'-iously, letters conprising a gtven 

5 word ,or partial schedule) S are distinguished ly their 
Pcs.t.ons. so S(l, is the first letter in s, 3,2' if he 
second, and so on. ^e level o, a search tree is denoted 
L this IS also the length of a partial schedule Partial 
schedules Of length . are thus paths of length . i r ^ch 

r AS T"" "^""^^ ■^•^^ oT 

r AS such scntir, is either SerCount,?, or MixCountIr, or 
e ther of these for a „„a,l which includes robot .„ven,lts 
If S .s a partial schedule of length L, then s>„ or Sw is a 
partial schedule of length L.1 and s,L.l,-„. si:^larly if 

IS leng h of s is l and S,L,=„, then s-„ has length L-x ,In 
Short * „eans append a letter and - :^s r«^ve a letter, 

Finally, a commitment to data organization (structure) ' 
IS necessary in an efficiently designed routine. Keep in 
mind that the number of cha^s ,and thus the nu^ ^r 

20 successors of a given word) is relatively small. Thus it 
does not make any difference if the routine generates all 
successors of a given letter and stores them, as o^sed to 
dynamically generating the successors one-by-one as the need 

" the fol^" "^""""^ =^ ^ suM^ized by 

the following five steps: 

1. Initialize the schedule: S<-0 and L^l and go to 
Step 2. 

2. x<-S(L) and 8«-cntf?» <:^rtv.^^ x 

aiiu uT-cncij:>. store 6 successors of 

"^'^"^2 and mark them unused. Go to Step 3. 

3. S^S.y, and L^L.l and 8^6-1. Mark used and go 
to Step 4. 

4. Compare S(L) with S(l), S{2) s(L-l), 

35 respectively, if s{i)=s(L) for some i<i. print S 

and L and go to Step 5; else, go to Step 2. 
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5. S^S-S(L) and I£ ^=1, STOP,- ei^e, go to 

Step 6. 

«• If 5=0, go to Step 5. Else (5>0), append an unused 

successor of S|L) to S, ™art it used, W-i, and go 
5 to Step 2. 

th= , T'^ i^i-^ializes the schedule, s, and 

the level of the search tree, L. clearly, l ^st be 
.n.t.auzed to 1. As for the initial letter in schedule s 
10 for convenience, the routine uses a letter that ^l, 

all cha-nbers are enpty (i.e.. the tool has just begun 

processing wafers) . 

In step 2, the routine first fi«is the nuj^Der of 
15 successors, 6, of the last letter, say i, m a partial 
sch^ule s, clearly, i=s,l„. Function cnt,.", returns the 
number Of successors of a given letter I. Then, by using 
rules which determine the successor of a' given letter 
the routine finds, stores and unused successors of x 

As a result, a successor may be a record with two fields- ' 
he frrst field is the actual letter, while the second field 
a Boolean variable with value true if the successor was 
not used in a particular partial schedule s and value false 
otherwise ,0r the routine nay use a ..trix representation 
25 for the list of successors as described in Sections C and D 
above . ) 

In step 3, one of the unused successors of the last 
letter J is appended to the partial schedule S. the length 
of schedule -L is increased by 1 and the number of unused 

.0 successors of I is decreased by 1. (There will always be at 
least one successor to any given letter.) 

In step 4, the routine checks if S is a full schedule 
by comparing the newly added (the last) letter S(L) with all 
previous letters S(1),S(2) s{L-l) . (That should be 

35 accomplished every time a new letter is appended to a 
partial schedule.) if S(L) is a repeated letter the 


15 
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routine prints (stores) the schedule; else, the routine 
continues with building the schedule. 

When a partial schedule becomes a full schedule 
S(1)S{2)...S(L), after storing the schedule, the routine 

5 removes the last letter <?/m t ^ ^ 

ast lecter S(L) and look for some other unused 

successor of S(L-l) if ther<a av^ ^ 

V x;. ix cnere are some unused successors, 

the routine appends a successor to the partial schedule 
finds its successors, appends one of these successors and so 
on. If there are no successors, the routine removes S{L-1) 
10 from S and looks for unused successors of S(L-2) and so on 
The program terminates when L=l and 5=0 (meaning there are 
no unused successors of the first letter) . 

The routine above is valid for any representation of 
the scheduling problem. That is, either serial or mixed 
traces with letters from {0,1}" or either of these traces 
with robot position being part of the model (and thus 

alphabet from. {0,1}" X (n i rxW ^ 

iu,i...,n}). Clearly, functions that 

count and generate successors of a given letter are 

different each time. 

Fig. 10 depicts a flow diagram of a schedule generation 
routine 1000 that operates as generally discussed above 
T^e routine 1000 begins at step 1002 by initializing the 
schedule, e.g.. setting an initial letter to an n-tuple 
(n-string) of zeros. At step 1004. the routine finds 
stores and marks all unused successors of the last letter in 
a partial schedule. The successor letters are determined 
using the pseudo-code routines SerGenerator. ParGenerator 
and MixGenerator and the number of successor letters for 
each letter is determined using SerCount. ParCount and 
30 MixCount. Of course, as mentioned above, if the robot 
position is to be taken into account, these pseudo-code 
routines must be appropriately modified to accommodate the 
expanded letters and the modify rules of successor 
generation. 

35 Then, at step 1006. the routine appends an unused 

successor of the last letter to a partial schedule as well 
as increases the length of the schedule by one and decreases 
Che number of unused successors by one. The routine 
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queries, at step 1008, whether the last Utter of 
partial trace has been reached l£ th. *^ 
answered, the routine proc^'allt " "^^'"''^ 

1004. H the ^ery is aHw 7 " 
viuciy IS artirmatively answered 

5 proceeds to step 1010 where the schLle Is^ther 

or stored. either printed 

steps 1012, 1014, 1016 and 1018 represent a 

- and We the sche^ru; 'Z'^'l 

..e .0 ine .,,,es whether.hetn^h olthe^le":: I?' 

^/----^oceeLt:sZ^:i"~r8~- 
r utri;:::^""^ - ~j:ioTto the 

er. If the query is negatively answered i-h« 
routine proceeds along the NO path to step 1012 oh! • 
the routine proceeds to sten i09n * 

- appended to the parti^ Li^ ,r;~ ~ 
0 returns to step 1004. "'^"^ 

Once all possible schedules are determine.^ » ^ ■ 
in ^ory, the schedules are processed 
throughput model. Specif ican f ^"^^■'"onal 

the model to predictT ^ "'"""'^ " "^^^ ^ 

S throughputs forlu th IT"" ^ 
schedule 1 " "'^ '-^ '"e 

- the ht;:!trr : riiriti^rand-^rr 

control the sequencer Th« ^>, . °P^i«»al and is used to 
^ the se^^cer ZJ^ 0?^^ Tif — 

Ihe present invention rapidly computes all possible 
sc edu es for a given cluster tool configuration 1 

""del to determine the optimal schedule. As such the 

= rd^ri:?:::::— — an 
heretofore been unaviii:::: rt::::::: 
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Although various end^odiments which incorporate the 
teachings of the present invention have been shown and 
described in detail herein, those skilled in the^r^ 
readUy devise of the varied embodiments that st U 

5 incorporate these teachings. 
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What is claimed is: 


1. A method of producing schedules for processina . f 
S ^-^'^i^-^r se.iconduc.or wafer ^::^:r'' 
conprising the steps of: 

(a) providing a trace defining a series of chanters 
that^are v.sited ^ . .3 the wafer is process^:; the 

10 ' ,b) initializing a se^ence generator with an initial 
value Of a variable defining an initial wafer oo«<m11 
"icn the tool; and ' 

(c) generating values of said variable that represent 
an vaUd successor wafer positions relat«l to the iai 

IS value, Where said values of said variable. ta.en tog^ ^ 
ton. a partial schedule for processing a wafer. 

2. r,. aethod of clai» 1 further co^rising a step of 
co:^t.ng a total number of variable values generated fro. a 

20 given variable value. y^ieracea trom a 

3. The .ethod of clai. I further co^rising the steps of: 

(d) backtracking through said series of variable values 
id partial schedule and applying step ,c, to each^al" 

var abl "'"^'^ " ''^'^ ^""-^^ of slid 

variable representing additional series of values that 

represent additional partial schedules; and 

variJr 'T""" b-cttracking when all possible 
variable value combinations are produced that represent 
30 possible valid schedules for said trace. 

4^ The .ethod Of clai. 1 wherein a value of said variable 
is a letter and a plurality of letters forms a word. 

35 5. The method of claim 4 wherein a valid schedule is 

defined by a word having no more than one repeated letter. 
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n-tuple. where n represents a total number of wafer 
positions within said trace. 


5 7. 


The method of olaim 6 wherein n represents a total 


8. 


10 J'^T^ °' ' '"^^^^^ comprising the step of: 

(f ) Identifying at least one schedule in all possible 
valid schedules that provides an ontin«i ^v, v 
trace. «viaes an optimal throughput for the 


15 


30 


35 


. The -ethod Of Claim 8 wherein said Identifying step ,£, 
further comprises the step of confuting the throughput for 
each and every schedule of said all possible schedules and 
selecting an optimum schedule for the trace which produces 
the highest throughput. 
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^e method of claim 3 wherein said backtracking step 
(d) further comprises the steps of: . 

(a') initializing a schedule to an n-string of zeros 
having a length of one; 

(b-) identifying all. unused successors of a last letter 
2 5 ma partial schedule; 

(C) appending an unused successor to said partial 

schedule ; 

(d- ) increasing the length of the partial schedule by 
one and decreasing a number of unused successors by one 

(e') querying whether the last letter of the partial 
schedu e is the same as a previous letter in the partial 
schedule and. if not. repeat steps (b- , . (c), (d', and (e') 
until the last letter of the partial schedule is the same as 
a previous letter in the partial schedule; 

if) storing the partial schedule as a full schedule 
and storing the length of the full schedule; 

(g-) removing the last letter of the full schedule to 
produce a new partial schedule and decreasing the length of 
the full schedule by one; 
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schedule xs one and, if the length is one, stoppina- 
otherwise, proceeding to step (i'); "^"^ 

(i') querying whether there is an unu<!AH 
5 the last letter anrf successor of 

the last llT ' "° "^^^^ successors of 

he last letter, repeating steps (g^,. (h') and (i', until 
there xs an unused successor of the last letter; 

(j') appending the unused successor h« Wu ' 
schedule marking ^v, successor to the new partial 

scnedule, marking the successor as used and decreasinn ^h 
10 nuni^er of successors by one; and <^--^easxng the 

(k') returning to step (b'), 

U The method of claia 1 wherein successor variables 
values are defined ^ successor generation rules^^ are 
15 prescribed by wafer processing parameters. 

12^ ae method Of claim 1 wherein successor variable values 
are generated with regard to transport robot positioning 

Apparatus for producing schedules for processing a 
-fer xn a multlcha^er semiconductor wafer proc" I' tool 
havxng a trace defining a series of chambers thi I ' ' 
visxted by a wafer as the wafer is processed by the tool 
said apparatus comprising^ 

a sequence generator, being initialised with an initial 

3 nt: IT": ^"^^ Positionii 

Within the tool, for generating values of said variable that 
represent all valid successor wafer positions re a^ oTh^ 
-itial value, where said values of said variable t.!n 
together, form a partial sche^ile for processing a ^f : 


20 13 


35 


cl r °' " '""""^ -a- for 

computing a total number of successor variable values 

generated from a given variable value. 

15. The apparatus of claim U further comprising. 

valuesT "--3'' Of variable 

values in said partial sequence and selecting each value in 
said partial schedule as an input to said sequence generator 
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which produces further values of said variable representing 
additional series of values, that represent additional 
partial schedules, whereby, all possible schedules for said 
trace are generated. 

5 

16. The apparatus of claim 15 further comprising a 
throughput model, coupled to said sequence generator, for 
computing a throughput value for each possible schedule in 

said all possible schedules. 


10 


15 


20 


30 


17. l^e apparatus of claim 16 further comprising means for 
Identifying at least one schedule that has the largest 
throughput value. 

18. A schedule data structure, stored in a computer 
readable storage medium, of a schedule for processing a 
wafer in a multichamber semiconductor wafer processing tool 
comprising: 

a plurality of n- tuples, where n is a total number of 
possible wafer positions, and the plurality of n-tuples 
contains only one duplicate n-tuple. 


19. The schedule data structure of claim 18 wherein n is a 
total number of possible wafer positions plus a position of 
2 5 transport robot position. 


20. 


The schedule data structure of claim 18 wherein the 

n-tuple has a form (x„x„x, x„) , where x defines the 

contents of a particular chamber at a particular point in a 
schedule and X has a value 0 when a wafer is not positioned 
in the chamber and a value of 1 when a wafer is positioned 
in the chamber. 
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-1002 
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AOOA 


APPEND AN UNUSED SUCCESSOR OF THE LAST V 

LEHER TO A PARTIAL SCHEDULE AND MARK IT USED; 
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-1016 
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